Abstract-A prototype of low-cost compact digital microfluidics analysis platform controlled by a smartphone was built. Controlled by a DIY-built application (App) with self-calibration, the smartphone was applied not only as the controller that manipulated droplets on an electro-wetting-ondielectric microfluidic device through our home-made circuits, but also as the reader that quantified chemiluminescence signals through its camera. In order to deal with the non-uniformity of the chemiluminescence images acquired by the smartphone, we proposed a customize image process scheme. The results showed linear responses to H 2 O 2 from 1 to 20 mM in the luminol-HRP-H 2 O 2 chemiluminescence system.
I. INTRODUCTION
L AB-ON-A-CHIP (LoC), also known as micro total analysis system (µTAS) is a system integrating all the analytical stages usually performed in a laboratory [1] . As a promising technology towards lab-on-a-chip, electrowettingon-dielectric (EWoD) digital microfluidics can control discrete droplet moving, merging, and separating without external valves and pumps [2] . Now driving voltage of droplets has been reduced to 20V [3] , [4] because of the utilization of high dielectric constant insulator materials, which can decrease the circuit complexity and lower the cost of the system. In recent years, several EWoD digital microfluidics systems have been built up to perform complex experiments. Wheeler's group designed an open-source digital microfluidics control system [5] that controlled droplet movement by a computer and monitored the EWoD chip by a camera in real-time. Gidrol's group set up an integrated and automated system on EWoD that processed the complete workflow on a single device, from the isolation of a single cell to mRNA purification and gene expression analysis [6] . Norian quantitative polymerase chain reaction (PCR) on chip that fully integrated the liquid manipulation, sample amplification and fluorescence detection [7] . However, those systems were still bulk and high cost because some lab/commercial instruments were still needed to complete the analysis, e.g., microscope, oscilloscope, and the like. Our group proposed an EWoD based compact chemiluminescence detector [8] , in which the driving circuits and the detection reader still needed to be minimized/integrated to meet the portable criterion of LoC for its onsite analytical applications.
With the rapidly growing of the telecommunications infrastructure and fast development in mobile technology, smartphones and the like can be transformative to the deployment of LoC diagnostics [9] , such as reading, recording and transferring point-of-care diagnostic data. Recently, researchers are trying to build mobile-technologybased microfluidic system that is suitable for point-of-care testing or sensing in resource limited settings [10] - [14] . Taking the advantages of smartphone or other consumer electronics, several molecules in body fluid have been detected on paper-based microfluidic devices, such as sodium [10] , vitamin D [11] , salmonella [12] , cholesterol [13] , [14] . Simply by taking an image of the testing strip, analysis can be completed within several minutes. However, such paperbased microfluidics is not compatible with more complicated assays, such as multi-process assays and multi-objective assays. Other limitations of it include that the test strip has to be well designed for different tests and the most volume of samples or regents is wasted through passive transportation. On the contrast, EWoD digital microfluidics takes the advantage of flexible and programmable controlling of minimum samples (droplets) with low driving voltages for huge applications in biological and biomedical detection. Therefore, combining the mobile and EWoD provides the potential to realize a real potable LoC as complex assays.
In this paper, we propose a prototype of low-cost portable EWoD digital microfluidics analysis platform controlled by an App embedded in a smartphone with algorithm for detection. As a proof of the concept, a chemiluminescence assay is performed on the platform. Data process scheme is put forward for improving the detection sensitivity.
II. SYSTEM ARCHITECTURE Figure 1 shows the architecture of the portable electrowetting analysis platform. The power supply provides the DC voltages of 5V, 12Vand 24V to the develop board and 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the relay array, the signal amplifier, and the signal generator, respectively. The signal generator ICL8038 module generates square waves with frequency of 1 KHz and amplitude of approximate 12V root mean square (rms). The square wave is amplified to approximate 45Vrms by the high voltage amplifier and then coupled to the relay array as the stimulating signal of the EWoD device.
The high voltage amplifier module is homemade, which consists of a DC-DC converter and a core amplifier PA443 from APEX MICROTECHNOLOGY, USA. The DC-DC converter converts the 24V DC to 90V DC that provides the power for the PA443. Because the EWoD devices are always driven by signals lower than 10kHz and the driving voltage can be lower with new dielectric cyanoethyl pullulan [4] , usually 20∼40Vrms, building such a high voltage amplifier with 10kHz cut-off frequency and amplification factor lower than 10 possesses the advantages of easy implementation and low cost. Our homemade amplifier costs only about 2% of commercial high voltage amplifier (e.g. TEGAM Model 2340, PINTEK HA-405).
Figure 2(A) shows the schematic of the signal coupling circuit including the high voltage amplifier, the relay array and the EWoD device. The relay array is equivalent to switches and the EWoD device is equivalent to capacitances. Each electrode of the EWoD device needs a signal coupling cell to get the driving signals. The coupling cell is detailed in Figure 2 develop board controls the switching of the relay and thus controls the coupling between the high voltage driving signal and the EWoD chip. Figure 3 shows the generation, amplification, and coupling of the square waves from the generator to the EWoD device controlled by the smartphone. Figure 3 (A) and (B) are the pictures captured from the oscilloscope with a high level control signal on the relay, which verifies the functions of the amplifier and the relay module. The square wave of 11.4Vrms from the generator is amplified to 42.4Vrms by the high voltage amplifier (Figure 3(A) ), which is finally coupled to the EWoD device. It is clear that there is no distortion by comparing the input and output signals of the relay in Figure 3 (B). Figure 3 (C) shows an impulse control signal of 0.5Hz on the relay. Since the EWoD device takes time to be charged and discharged when the driving voltage is on and off, respectively. It takes 0.5s to finally charge the EWoD device for the limited current output of the high voltage amplifier. In order to drive the EWoD device stably, we set the hold time of the control signal to 1s.
Although we provide only 10 individual signal channels coupled with EWoD chip now, the develop board is capable of controlling 46 channels simultaneously. By further using decoding circuit to generate control signals, it can control 529 channels at most, which will greatly expand the functions in conducting the complex assay.
The prototype of the portable EWoD analysis platform is shown in Figure 4 An App based on Android system was built. It consists of two parts. Part one is about the manipulation of sample droplets on the EWoD device. Part two is about the detection of chemiluminescence and data analysis. We provide 2 modes -automatic and manual -for controlling the electrodes of EWoD. The mode control button is on the left top of the UI. The short blue line and grey line in the button represents the automatic and the manual mode, respectively. In the automatic mode, user can set a sequence of the driving electrodes in advance. Once the "Start" button is pressed, the electrodes will be actuated according to the sequence. The electrode number of the sequence is shown under the group of the control button. By press the "Remove" button, user can remove the last electrode in the sequence. In the manual mode, user can control the movement of droplets directly by touching each control button (number) of the electrode. Once an electrode is powered on during process, the button state of the corresponding number of the electrode turns "true". Figure 5 (B) shows the User Interface (UI) of part two. The system can do self-calibration by press the "Calibration" button. When the "Analysis" button is touched, the App measures the brightness of the luminescence and returns the estimated concentration of the sample on the smartphone screen.
The droplet driving of the platform is performed on the EWoD chip with single planar configuration [8] . In Figure 6 (A) a 10µL droplet is set to be moved by the sequence of electrode number 19, 20, 21, 22, successively. Figure 6 (B) is the pictures of the movement of the droplets. The width between two electrodes is 1mm while the radius of the droplet is 1mm.
III. CHEMILUMINESCENCE DETECTION
The chemiluminescence of the H 2 O 2 -luminol-HRP system was carried out on the platform. Luminol, 4-Iodophenol and Horseradish Peroxidase (HRP) were bought from TIANGEN biochemistry technology, China. 0.4429g luminol was dissolved in the Sodium hydroxide solution of 0.1M and diluted by deionized (DI) water to 100mL. 0.55g 4-Iodophenol was dissolved in 100mL DMF. 5mg HRP was dissolved in 50 mL DI water. Before experiments, luminol and 4-Iodophenol were 1:1 mixed and stored in the fridge for one week.
The EWoD chip layout and the photos of the droplet merging are demonstrated in Figure 7 (A) (DI water used for demonstration only!). For chemiluminescence reaction, three 8µL droplets of the mixture of luminol and 4-lodophenol, HRP and various concentration of H 2 O 2 were dropped above the electrodes away from the chip center by pipettes separately. The chip together with the chip holder is put in a black box. Chemiluminescence experiment results of (A) demonstration of droplet merging on special designed EWoD device (B) brightness changed along with time elapsed for 1mM H 2 O 2 . Fig. 8 . Chemiluminescence Images from smartphone for H 2 O 2 with concentration of 1, 2, 5, 10, 15, and 20mM (from right to left) and corresponding total pixel intensity of red, green and blue channels, respectively.
The smartphone was 5cm above the chip through a window on the black box to detect the luminescence. When the droplets were driven successively from outside electrodes to the center and merged into one, luminescence emitted at the center electrode.
As shown in Figure 7 (B), the chemiluminescence signal lasts for about 30s with the H 2 O 2 concentration of 1mM. The signal rapidly reaches its peak and slowly decays. For H 2 O 2 with concentration higher than 1mM, the maximum emission intensity was obtained before 30s and the luminescence lasted for a longer time, which was similar to Aldo Roda's work [15] . Thus, the smartphone app was set to capture one image per second for 30s in order to acquire the image possibly closest to the peak emission in the whole chemiluminescence process. Figure 8 is the chemiluminescence images captured by the smartphone. H 2 O 2 with concentration from 1mM to 20mM were tested. By calculating the total pixel intensity of RGB color channel separately, it was found that the luminescence of Luminol-HRP-H 2 O 2 system mostly stimulates the blue channel of the smartphone camera as shown in the bottom figure of Figure 8 . Thus, only blue channel was chosen for data analysis.
In general, the chemiluminescence can be quantified by measuring the peak value [16] or calculating the integral [17] . Commercial Apps such as Camera FV-5 [15] , [18] , LongExpo [14] featured with long exposure mode on smartphone were used in paper-based microfluidics. However, special data process is needed because of some problems of the pictures taken by the smartphone on EWoD-based devices. Firstly, the droplet mixing mostly depends on diffusion that is time consuming and somehow non-uniformity, which will result in non-uniform distribution of the pixel intensity along with time and location as well. Secondly, the spherical shape of droplet also causes the non-uniform. Lastly, halo exists at the border of the droplet when the chemiluminescence is intense enough. That is because the lens is hard to focus under the dim condition, which makes the border dimmer than the center. Therefore, in order to minimize the effects of those problems on data analysis, we calculate the average pixel intensity of top 1000 brightest pixels to represent the concentration of samples.
The data analysis process is as shown in Figure 9 . Finding the object image for analysis is the first step. We summed the total pixel intensity of each image frame and choose the one with the highest intensity as the object image. Then, the object image was transferred to the grey scale image depending on the intensity of the blue channel. By properly choose the threshold, the average pixel intensity of the greyscale image was calculated to reach the detection results of the chemiluminescence. The binary image in Figure 9 shows the pixels we choose to count in the object image.
The data process results are shown in Figure 10 . The slope of the fitting line represents the sensitivity. When the top 1000, 5000 and 10000 most intense blue pixels are selected for calculating the average pixel intensity, the slopes are 10.82, 9.86 and 6.21, respectively. The less the pixel is, the higher the sensitivity. Since the smartphone quantifies each pixel in the range of 0∼255 (8 bits), a trade-off exists between the concentration and detecting range, i.e., the chemiluminescence intensity, and the sensitivity. The average pixel intensity is also influenced by the chemical concentrations, room temperature and the location and property of the smartphone camera. Therefore, the threshold may vary depending on these settings. In our experiments, we choose the 1000 th most intense pixel as threshold that fits our detection conditions well. Since the possible variation of detection conditions, self-calibration needs to be conducted for measuring an unknown H 2 O 2 . Reference samples with known concentrations (1mM and 20mM are selected in our experiments) were used for obtaining the calibration curve (black dot line in Figure 11 ). Following the experiment and data process mentioned above, the calibrated blue channel intensity of 1mM and 20mM of H 2 O 2 are 41.37 and 251.68, respectively. The calibration curve was then utilized as the standard for measuring unknown H 2 O 2 samples. 6 samples with concentration from 1mM to 20mM were measured. Each sample was tested 3 times. The results are shown in Figure 11 . The inset shows that the concentration measured by the smartphone is larger than the actual value. That may come from the calibration method, the tilt of the smartphone and the focus level of the camera.
To characterize the limit of detection (LOD) of the smartphone, we took pictures for blank samples. The average pixel intensity was 6.80 (also shown in Figure 11 ) and the standard error was 1.21. It can be figured out that this smartphone chemiluminescence App's LOD is 0.95mM on Sony Xperia Z3 Compact.
The data analysis process was also carried out in different smartphones for verification of its feasibility. As listed in Table 1 , 4 other smartphones including one iPhone were chosen to process the same chemiluminescence detection as the Sony Xperia Z3 Compact did. All the specifications of the smartphones are collected from internet. Since the App is only applicable on Android system, videos of chemiluminescence were recorded by the iPhone, and the frames of the video were analyzed in Matlab using the same proposed image processing scheme.
From the fitting lines of the data analysis, it is found that similar sensitivity can be achieved by smartphones using the same series of image sensor. For example, Sony Z1 Compact, Sony Z3 Compact and Huawei honor 6 plus all utilize Sony Exmor RS series, while iPhone 4s and Xiaomi Mi 2S both use Sony Exmor R series. All the fitting lines have good linearity in the detection range of H 2 O 2 but with different sensitivity. However, the self-calibration can eliminate the analysis differences caused by cameras in different smartphones in a great extent.
IV. SUMMARY
We have developed a compact chemiluminescence detection system with smartphone EWoD controlling features. All the droplet manipulation can be completed by simply touch the screen of the smartphone. It is capable of testing chemiluminescence intensity by a specialized App running on the smartphone. By automatically taking one photo per second for 30s, the sample concentration has been shown on the screen. This system is fairly cheap, no more than 300$ (smartphone is included), which is a real LoC suitable for onsite detection and using in developing areas. We have provided a new luminescence image process scheme to cope with the nonuniformity luminescence problems on single planar EWoD devices. The image processing scheme can also be adapted and applied in processing colorimetric image to deal with the non-uniformity problems, for example, in the paper-based colorimetric assays.
